Introduction
Between 2000 and 2010, the global incidence of measles and the mortality caused by the disease decreased by 66% and 74%, respectively. 1 The implementation of childhood and supplementary immunization activities by Member States of the World Health Organization (WHO) has largely contributed to these declines. As a result of this progress, target dates for measles elimination have been set by all WHO regions, 2 most recently the South-East Asia Region. 3 At present, the Region of the Americas is the only WHO region to have achieved elimination, with interruption of endemic measles transmission in 2002. 2 Three years after the declaration of measles elimination in the Americas, WHO's Regional Office for the Western Pacific adopted a resolution that set 2012 as the target year for regional measles elimination. 4 Several countries, including Australia, have made significant progress towards this goal. 5 Over the past two decades, the national incidence of measles in Australia declined dramatically following several national measles control strategies, including the 1998 Measles Control Campaign and revision of the age at which the second dose of measles, mumps and rubella vaccine is routinely administered (i.e. 4 years, down from 10-16 years). [6] [7] [8] This led to a report that indigenous measles transmission had been eliminated in Australia, 9 with the authors reasoning that Australia had satisfied most of the WHO regional office's criteria for elimination of measles.
One approach to monitoring measles elimination involves estimating the effective reproduction number (R). R is the average number of secondary cases that result from an infectious case in a particular population (Box 1). 12 R depends on the level of susceptibility in the population, in contrast to the basic reproduction number (R 0 ), which is the average number of secondary cases arising from one infectious case in a totally susceptible population. When R is < 1, the number of cases decreases with every generation, and if this value is maintained elimination is considered to have occurred. 12 Several types of data have been used to estimate R, including serosurveillance data, the early epidemic phase growth rate and notification data. [12] [13] [14] In Australia, three national serosurveys have been conducted. 15, 16 Serosurveys, however, can be time-consuming and costly 17 and they may not be feasible in developing countries. Alternatively, routinely collected notification data can be used to estimate R on a regular basis with minimal resources. These methods to estimate R were described by De Serres et al. 12 and require the following data: the proportion of cases imported, the distribution of outbreak sizes and the distribution of the number of generations of spread in each outbreak. 12 An assumption required when using these methods is that elimination has already been achieved.
Methods based on routinely collected notification data have been used to differing extents internationally 11, 18 and in Australia. Canada and the United States of America both reported the interruption of indigenous measles transmission by 1998 and used the methods described by De Serres et al. to assess elimination. 11, 18 England and Wales also claimed elimination and used data from 1995 to 2001 on the distribution of outbreak sizes to estimate R. 19 In the Australian state of Victoria, R was estimated using notification data from 1998 to 2003 on the distribution of outbreak size (R = 0.87) and the generation of spread (R = 0.73). 20 More recently, data
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Methods

Notification data
In Australia, measles is a notifiable disease in all states and territories. Under public health legislation, clinicians and laboratories are required to notify their respective health authorities of suspected, probable or confirmed cases of measles. 21 Additional information on confirmed cases is collected by health authorities during follow-up investigations and forwarded to the NNDSS. Confirmed cases require either laboratory-confirmed evidence of measles virus infection or both clinical and epidemiological evidence. 21 De-identified data were obtained from the NNDSS data set for all notified measles cases between 2009 and 2011. Data fields used in the analysis included place (country) of acquisition, outbreak reference number (Box 1) and date of symptom onset (if this was missing, the date of diagnosis was used). A flowchart was developed to link cases for which data on the outbreak reference number were missing (Fig. 1) .
If the place of acquisition was overseas, cases were considered sporadic unless they had the earliest onset date among cases in an identified outbreak and all other cases in the outbreak were locally acquired. If more than 1 case was acquired overseas in the same outbreak, the imported case most temporally similar to locally acquired cases was considered the index case, whereas the other imported case was considered sporadic. All remaining cases for which place of acquisition was local and outbreak reference number was missing were defined as sporadic. For cases belonging to the same outbreak, the generation of the spread of infection was derived from a previously published algorithm (Box 1). 12 the formula assumes that all cases must be linked to an imported case and depletion of the pool of susceptible individuals can be ignored.
In the other two methods, R was estimated by fitting a subcritical branching process that modelled the spread • Same generation: Disease onset date between the first and last case was 0-6 days apart.
• One generation: Disease onset date between the first and last case was 7-14 days apart.
• Two generations: Disease onset date between the first and last case was 15-24 days apart.
• Additional generations: A 10-day difference between the disease onset date of the first and last case added an extra generation.
3. Outbreak reference number: a unique identification number assigned to cases that were determined to be part of the same outbreak on the basis of epidemiological (and/or virological) evidence. 4. Effective reproduction number (R): 12 • R = 1: This is a state of endemic equilibrium in which, on average, one case results in one secondary infection.
• R > 1: The number of cases increases from one generation to the next, potentially resulting in an epidemic.
• R < 1: The number of cases decreases with each generation; if the decrease is maintained, elimination occurs.
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of an infection with a given R onto the observed distributions of outbreak sizes (in method 2) and generations of spread (in method 3). 22 Details of the branching process model are available elsewhere. 12 Maximum likelihood estimation was used to obtain estimates of R from the models. Stata, version 12 (StataCorp. LP, College Station, USA), was used to estimate R for the distribution of outbreak sizes, whereas estimates of R using the distribution of the generations of spread were calculated in Matlab, version R2012 (The MathWorks Inc., Natick, USA).
All methods are based on the assumption that R is < 1 and are only appropriate in settings where the measles incidence is low. In addition, for methods 2 and 3, it is assumed that the number of secondary cases arising from each infected individual is Poisson distributed with a mean R; thus, (non-random) heterogeneity between individuals is ignored. 12 For all methods, 95% confidence intervals (CIs) were calculated using a normal approximation based on the estimated standard errors. Because larger outbreaks might be more likely than smaller outbreaks to be detected by the surveillance system, a sensitivity analysis was conducted for method 2 that included only outbreaks involving three or more cases. Eighty-four cases had no outbreak reference number and were initially considered sporadic. Of these, 19 (23%) were reclassified as belonging either to an identified outbreak or were linked together as part of an outbreak not identified previously, using the flowchart specified in Fig. 1 . Seven cases were linked on the basis of jurisdiction, time and genotype, and 12 cases were linked by jurisdiction, time and proximity of residence. Of the remaining 65 cases, 85% (55) were acquired overseas and 38% (25) had a missing genotype; 20% of cases (13 of 65) were genotype D8 and 17% (11 of 65) were genotype D9.
Results
Notification data
Fifteen cases had an outbreak reference number but were initially considered sporadic. Because some health authorities automatically assign an outbreak reference number to all cases of measles, whether they are known to belong to an outbreak or not, we used the flowchart to investigate potential links of these 15 cases with an outbreak. Our analysis revealed a link between two sporadic cases and a cluster of two cases based on jurisdiction, time and genotype. These four cases were subsequently considered to compose a unique outbreak.
Overall, 55 outbreaks (range: 2-25 cases) and 78 sporadic cases occurred from 2009 to 2011. The longest outbreak lasted 67 days and spanned seven generations.
Estimating R
Each method yielded an estimated R that was significantly < 1 for all years combined. Method 3 provided the lowest estimate, at 0.47 (95% CI: 0.38-0.57); a minimal difference was observed in the estimates obtained by method 1 (R: 0.65; 95% CI: 0.60-0.70) and method 2 (R: 0.64; 95% CI: 0.56-0.72). Sensitivity analysis of method 2 revealed that the R estimate for outbreak sizes of three cases or more (R: 0.67; 95% CI: 0.56-0.78) was similar to that for outbreaks of any size.
Similarly, for individual years all estimates of R were < 1 and there was little difference in estimates across years and methods (Table 1) . Again, method 3 provided the lowest annual estimates, with a low of 0.38 (95% CI: 0.19-0.56) observed in 2009. The highest value of R (0.78; 95% CI: 0.57-1.00) was observed for 2009, using the sensitivity analysis associated with method 2. This estimate was the only result in which the upper limit of the CI reached 1.00. Within-year R estimates were similar in model 2 for each year when including and excluding outbreaks with less than three cases.
Discussion
From 2009 to 2011, R estimates based on national notification data remained < 1, providing good evidence that measles elimination is being maintained in Australia. These findings are consistent with the R of 0.69 that was estimated using the 2002 serosurvey data and with the prediction that, between 2003 and 2012, R would remain < 0.80. 23 Our conclusion that measles elimination is being maintained is further supported by high measles vaccine coverage rates and the absence of an endemic circulating genotype for many years in Australia. 24, 25 Similarities in R estimates between the three methods used in this study and that of the serosurvey suggest that R estimates based on Australian surveillance data are valid. Additionally, there was little difference between the estimates when restricting the outbreak size to 3 or more cases and when no restrictions were used, which indicates a high level of sensitivity of the surveillance system in detecting both small and large outbreaks.
There was, however, some variation among the estimates of R across the three methods. The highest R was observed in 2009, using the sensitivity analysis of model 2, and this was the 
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only value for which the upper limit of the CI reached 1.00. A large proportion of cases in 2009 were sporadic or occurred in clusters of two, leaving only seven outbreaks in the sensitivity analysis. Because of this small sample size and because the largest outbreak during the study period (25 cases) occurred during 2009, the sensitivity analysis involving method 2 had a wide CI and a high R estimate.
The R estimates were expected to be highest using method 1 owing to an underestimation of the number of cases arising from contact with international visitors, as was observed in similar studies conducted in Canada and the United States. 11, 12, 18 In the United States the estimate of R based on importation status was 0.68 (95% CI: 0.30-0.78), compared with 0.51 (95% CI: 0.44-0.59) when using the distribution of outbreak size. 11 Similarly, in Canada the estimate of R based on importation status was 0.87 (95% CI: 0.76-0.98), compared with 0.82 (95% CI: 0.72-0.93) when using the distribution of outbreak size. 18 Our estimates, however, were comparable to the estimates obtained from the other two methods. The 100% ascertainment of data on place of acquisition is possibly the reason for our comparable results. In contrast, the completeness of the reporting of imported cases in the United States from 1997 to 2001 was only 40%. 26 It is likely that the R values calculated using method 1 in our study provided accurate estimates for Australia because the surveillance system is sensitive and the data on place of acquisition were complete.
An important difference to consider when comparing our estimates with those from Canada and the United States relates to the definition of an imported case of measles. A case of measles in Canada is considered imported if exposure occurred outside Canada 7 to 21 days before rash onset and the case is not linked to local transmission. 23 In the United States, travel outside the country within 18 days of rash onset -unless symptoms began at least 7 days after the date on which a travelling companion developed symptoms -is required for a case to be considered imported. 11 Australia's definition of an imported case (Box 1) involves assessment on a case-by-case basis using epidemiological and virological evidence and may be more sensitive and less specific than Canadian and United States criteria. For example, an Australian case associated with travel to the Philippines 23 days before symptom onset was considered imported. 27 Despite this less restrictive means of assessment, overestimations are unlikely in Australia because health authorities usually conduct extensive investigations for each case. 27 The use of a consistent definition for importation status by health authorities both in Australia and internationally would provide more comparable R estimates. Because the recording of importation status requires minimal additional resources and any underestimation of the proportion imported would only overestimate R, we recommend that countries with low or middle incomes initially focus on collecting data on this variable to monitor their measles elimination status.
R estimates obtained using the distribution of generations of spread were consistently found to provide lower estimates in Australia and in the United States (R: 0.44; 95% CI: 0.36-0.52) than those obtained with other methods.
11
One explanation for the lower estimates may be that they have lower validity because the generations of transmission for both countries were derived from an algorithm. 11 For example, during the period from 2009 to 2011, the longest outbreak duration in Australia (67 days) was calculated to involve seven generations. However, based on an incubation period of 18 days, the generations of transmission of this outbreak could have been as few as four. Recording the number of generations of transmission would improve the validity of R estimates calculated using these data.
In our study, R estimates from methods 2 and 3 might also have overestimated the true value of R. Nineteen cases with a missing outbreak reference number were assigned to a particular outbreak on the basis of a flowchart (Fig. 1) . We also used the flowchart to evaluate whether sporadic cases with an outbreak reference number might have been part of an outbreak. Although two sporadic cases were subsequently linked to an outbreak, the linkage might have been mistaken and may have resulted in an overestimated R. However, because measles is such a rare disease in Australia, it is likely that cases with temporal and geographical similarities are linked. Moreover, the high sensitivity of the surveillance system made the detection of most measles cases likely. Therefore, it is improbable that a large number of cases were missed and that this resulted in an underestimation of R.
Completeness of surveillance data is imperative for obtaining accurate estimates of R. Comparison of our results with those for Canada and the United States reveals that our data were more recent (2009-2011) than those from Canada (1998-2001) 18 and from the United States (1997-1999) . 11 It is likely that the completeness of data for both countries has improved since these studies were conducted. However, to our knowledge these are the most recently published studies. In Australia, over the three-year period analysed, completeness of data on place of acquisition was 100%. Data on outbreak reference number, however, were incomplete, in part because most jurisdictional health authorities do not assign unique outbreak reference numbers to known sporadic cases (Nicolee Martin, personal communication, 2012). If all known sporadic cases were assigned outbreak reference numbers, they could be more accurately differentiated from cases in which a link to an identified outbreak was not determined, thereby providing a more accurate R estimate. However, recording the outbreak reference number and determining the number of generations of spread requires more extensive case follow-up to enable linkage between cases and may be more challenging in countries with low or middle incomes.
The methods used in our study have several potential limitations. We assumed homogeneity in the susceptibility to measles and the mixing of populations. 12 Past outbreaks have identified susceptible subpopulations in Australia, including young adults and infants too young to be vaccinated. [28] [29] [30] Therefore, R may be > 1 in certain subpopulations. However, our results are similar to R estimates using serosurveillance data, 23 which take into account population dynamics. Despite these limitations, these methods provide a suitable means to monitor the status of elimination in Australia as a whole, on a regular basis, through the use of high-quality national notification data and could potentially be applied in lower-resource settings too.
Notification data have the potential to play an important role in verifying measles elimination, especially when all WHO regions are working towards eliminating measles by 2020. 3, 31 Because high-quality surveillance is essential for verification, 32 it should be feasible
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for all countries aiming for verification to produce valid R estimates by using the data described in this article, particularly data on importation status, as ongoing evidence for the maintenance of a country's elimination status.
Our results provide evidence of sustained measles elimination in Australia and suggest the validity of using notification data to monitor measles elimination in areas where a sensitive surveillance system exists. Collecting the importation status of all cases during case investigations in countries with low or middle incomes is simple and the methods for estimating R are straightforward. As global measles activities shift focus from measles control to measles elimination, the use of notification data, particularly importation status, to estimate R has the potential to be an important component of the verification process by WHO regional offices, particularly in low-resource countries. ■
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Resumen Estimar el número de reproducción eficaz contra el sarampión en Australia a partir de los datos de notificaciones rutinarias
Objetivo Estimar el número de reproducción efectiva del sarampión (R) en Australia mediante el modelado de datos de notificaciones recopilados de forma rutinaria. Métodos Se estimó R para 2009-2011 a través de tres métodos y con los datos del Sistema nacional de vigilancia epidemiológica de enfermedades de notificación obligatoria de Australia. El método 1 estimó R como 1-P, donde P es igual a la proporción de casos que fueron importados, según lo determinado a partir de datos del lugar de adquisición. El resto de métodos estimó R mediante la adaptación de un proceso de ramificación subcrítico que modelaba la propagación de una infección con un R dado a las distribuciones observadas de tamaños del brote (método 2) y a las generaciones de propagación (método 3). Se empleó la versión 12 de Stata para el método 2 y la versión R2012 de Matlab para el método 3. Se realizó el cálculo de intervalos de confianza del 95 % (IC) para todos los métodos por medio de una aproximación normal basada en errores estándar estimados. Resultados Durante 2009-2011, se dieron 367 casos de sarampión de declaración obligatoria en Australia (tasa anual media: 5,5 casos por millón de habitantes). Los datos estaban completos al 100 % para el estado de importación, pero al 77 % para el número de referencia del brote. R se estimó como < 1 para todos los años y tipos de datos, con valores de 0,65 (CI del 95 %: 0,60-0,70) a través del método 1, 0,64 (IC del 95 %: 0,56-0,72) con el método 2 y 0,47 (IC del 95%: 0,38-0,57) con el método 3. Conclusión La obtención de estimaciones consistentes de R mediante los tres métodos aumenta la confianza en la validez de estos métodos para determinar R.
